One sentence summary: Using Chinese liquor fermentation as model system for spontaneous food fermentation, a correlation was found between the presence of newly-identified urea-producing yeasts and the concentration of urea in the final product.
INTRODUCTION
Urea is a precursor of ethyl carbamate, which is carcinogenic to human and animals (Baan et al. 2007 ). Ethyl carbamate is inevitably generated in food fermentations (Weber and Sharypov 2009 ) and for food safety, it is necessary to reduce its amount on account of its carcinogenic nature. Understanding the microbial formation of urea, namely identifying the microorganisms responsible, is crucial to control and reduce ethyl carbamate formation.
Saccharomyces cerevisiae is the main urea producer in fermented foods such as wine (Zhao et al. 2013) , sake (Kuribayashi et al. 2013 ) and rice wine (Wu, Ling and Xu 2014) . Urea synthesis is well understood in S. cerevisiae (Solomon et al. 2010; Zhao et al. 2013; LeMoine and Walsh 2015) . In brief, arginine is degraded to ornithine and urea by arginase (EC 3.5.3.1) encoded by the CAR1 gene, and then urea is excreted (Li et al. 2015a) . The disruption of CAR1 in S. cerevisiae reduces urea significantly in wine (Guo et al. 2016) , sake (Kitamoto et al. 1991) and rice wine (Wu, Ling and Xu 2014) , indicating that CAR1 is a key gene in urea formation.
In practice, yeasts other than Saccharomyces coexist in many spontaneous fermentation processes, such as those of cheese (Cardoso et al. 2015) and vinegar (Nie et al. 2015) . The role of these yeasts in urea production is little known. For better and thorough control of ethyl carbamate production, we need to understand how these yeasts produce urea in food fermentation. Besides, there are hardly any reports about the CAR1 gene in non-Saccharomyces yeasts. Determining the existence of the CAR1 gene and revealing its sequences in yeasts can help to better understand potential urea producers.
Chinese liquor is a typical spontaneously fermented food, and the ethyl carbamate content ranges from 14.71 to 174.87 μg L −1 (Xia et al. 2014; Li et al. 2015b) , which needs to be reduced. The initial fermentation of Chinese liquor uses Daqu (starter), sorghum and steamed grains. Yeasts derived from Daqu, sorghum and natural habitats play a key role in liquor fermentation (Gou et al. 2015) . Using Chinese liquor fermentation as a model spontaneous food fermentation, we studied the yeast populations and their correlation to urea production. We analyzed the urea formation activity of the species responsible. Moreover, we used co-culture experiment to reveal the interactions between Saccharomyces and other yeasts in urea formation. Through this, we hope to provide strategies for better control of urea formation, with the ultimate goal of controlling ethyl carbamate formation.
MATERIALS AND METHODS

Strains
Wickerhamomyces anomalus JZ420 (CGMCC No. 12416) and S. cerevisiae JZ109 (CGMCC No. 12417) were isolated from a Chinese liquor fermentation process in Hengshui, Hebei Province, China.
Sampling
Samples were collected at a liquor distillery in Hengshui, Hebei Province, China. The process of manufacturing Chinese liquor includes making Daqu (the starter), alcoholic fermentation and distillation (Jin, Zhu and Xu 2017) . Briefly, crushed sorghum was mixed with fermented grains from the last fermentation batch
(1:2, w/w), and distilled to collect liquor. After cooling, steamed grains were mixed with powdered Daqu at a ratio of 9:1 (w/w), and put into earthenware jars. Then, the earthenware jars were sealed for a 24-day fermentation (Fig. 1 ). Fermentation samples (200 g) were collected from the center of the layer (0.5 m deep) of three individual earthenware jars at 0, 5, 10, 15 and 24 days from the same workshop (Fig. 1) . Besides, powdered Daqu, sorghum and steamed grains were also collected. All samples were stored at −20
• C.
DNA extraction and ITS1 gene sequencing
Saturated phenol-chloroform was used to extract total DNA from fermentation samples (7 g) as reported elsewhere (Wang et al. 2008) . Final DNA extracts of each sample were diluted 10 times to determine DNA concentration with a NanoDrop 8000 (Thermo Scientific, Wilmington, DE, USA). (ITS1; 5 -CTTGGTCATTTAGAGGAAGTAA-3 ) and (ITS2; 5 -TGCGTTCTTCATCGATGC-3 ) with 8 nt unique barcode were used to amplify the ITS1 gene (Horton et al. 2014 (Caporaso et al. 2010) . The unique sequence set was classified into operational taxonomic units (OTUs) under the threshold of 97% identity using UCLUST (Sun et al. 2014) . Taxonomic classification of each OTU was determined with Ribosomal Database Project classifier at a confidence level of 80% (Sun et al. 2014; Hong et al. 2016) . The OTU table was filtered to keep each OTU with at least five reads, and OTUs with the same taxonomic assignment were grouped together . Chao1 richness and Shannon diversity were calculated by the Quantitative Insights Into Microbial Ecology package as reported (GodoyVitorino et al. 2012) . Yeasts (Hierro et al. 2006 
Primer designation and CAR1 detection in Wickerhamomyces anomalus
We selected six CAR1 gene sequences in yeasts of different genera from NCBI, 
Mono-and co-culture fermentation of W. anomalus and S. cerevisiae
Wickerhamomyces anomalus and S. cerevisiae interaction was studied in mono-and co-culture fermentation with sorghum broth medium. Sorghum broth was prepared as described previously (Meng et al. 2015) . The initial urea concentration in sorghum broth was 465.4 μg L −1 .
The two species were co-cultured in a transwell system (24 mm Transwell R , Corning, Lowell, NY, USA). Each transwell included an upper and a lower chamber, and a polycarbonate membrane (0.45 μm). The polycarbonate membrane allowed metabolite exchange but prevented cell contact between the upper and lower chambers (Stadie et al. 2013) . Wickerhamomyces anomalus was inoculated in the upper chamber, and S. cerevisiae was inoculated in the lower chamber for co-culture. Wickerhamomyces anomalus or S. cerevisiae was inoculated in the upper and lower chambers for mono-cultures. Initial cell concentration in each chamber was adjusted to 1 × 10 5 colony forming units (CFU) mL −1 . The volume of culture followed the manufacturer's guidelines. Mono-and co-culture fermentation were carried out in duplicate at 30
• C for 30 h. Urea was determined by high performance liquid chromatography with fluorescence detection, and the population of W. anomalus and S. cerevisiae was measured with a spectrophotometer.
Crude enzyme was prepared and the activity of arginase was determined by the production of urea with diacetylmonoxime as previously described (Rahmatullah and Boyde 1980) . One unit (U) of enzyme activity was defined as that which catalyzes the hydrolysis of arginine to liberate 1 μmol of urea per minute at 37
RNA extraction and cDNA preparation
Cells in mono-and co-culture fermentation were collected and centrifuged at 8000 g at 4
• C for 5 min. The cells obtained were immediately frozen in liquid nitrogen. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). DNA contamination removal and reverse transcription were performed using the PrimeScript TM RT reagent Kit with gDNA Eraser (TaKaRa, code No. RR047A). All the operations followed the manufacturer's guidelines. Table 1 shows the sequences of primers used for quantitative real-time PCR analysis. The primers and the amplification program used to quantify the yeast population in liquor fermentation were yeastF and yeastR (Hierro et al. 2006) . Each sample was analyzed with three technical replicates. Yeast population in fermentation samples was presented as dry weight. The 2 − CT method was used to quantify the relative transcription level of the CAR1 gene. The ACT1 gene was used as a reference gene in yeasts (Nadai et al. 2015) . 
Quantitative real-time PCR analysis
Arginine and urea determination
Arginine in the fermented grains and fermentation broth was analyzed using high-performance liquid chromatography via a pre-column derivatization with o-phthalaldehyde and 9-fluorenyl-methylchloroformate . Urea was determined by high performance liquid chromatography with fluorescence detection as reported (Wang et al. 2014) , with minor modification of sampling preparation. Samples (5 g) The dynamic profiles of the yeast community during liquor fermentation. We chose yeast species whose proportions were above 1% of total yeasts in at least one sampling, and the rest were categorized into other. Data were the average from three individual earthenware jars.
were mixed with 20 mL HCl (0.1 mol L −1 ), and the mixture was sonicated for 30 min, then centrifuged at 8000 g for 15 min to collect supernatant. Likewise, for mono-and co-culture fermentation, cells were removed from 1 mL fermentation broth by centrifugation. Each 500 μL supernatant was mixed with 400 μL xanthydrol solution (0.02 mol L −1 ), 500 μL anhydrous ethanol, and 100
μL HCl (1.5 mol L −1 ). Then the derivatization reaction was performed in a dark water bath (25 • C) for 30 min. Arginine and urea in samples were presented as dry weight.
Statistical analysis
Partial least square regression (SIMCA-P-11.5) was used to establish a covariation model between sequencing reads of different yeasts (explanatory variables) and urea production (response variable) during the fermentation. The reliability of the covariation model was assessed by the Q 2 value, and a good prediction could be obtained when Q 2 was more than 20% (Kong et al. 2014; Wu, Ling and Xu 2014) . Besides this, the variable important plot value was another indicator to evaluate the importance degree between yeasts and urea. A variable important plot value larger than 1.0 indicated an important explanatory variable based on software guidelines. Correlation analysis and one-way analysis of variance were carried out in SPSS Statistics v19.0 (IBM Corp., Armonk, NY, USA). Multiple alignments of CAR1 and arginase sequences were performed using Clustal X and viewed using Espript (http://espript.ibcp.fr/ESPript/ESPript/) (Tonon, Bourdineaud and Lonvaud-Funel 2001) . The phylogenetic tree was constructed by the neighbor-joining method with MEGA (v5.0). Bootstrap analyses (1000 replications) were performed to test the confidence of nodes.
RESULTS
Urea in Daqu, steamed grains and fermentation samples
Urea in Daqu, steamed grains and fermentation samples was determined. Figure 2A shows urea production during liquor fermentation. Urea concentration remained stable (37.0 mg kg −1 ) in the first 5 days, then increased sharply and reached a peak (72.4 mg kg −1 ) at day 15. Subsequently, urea decreased to 64.9 mg kg −1 at the end of the fermentation. The total increase of urea was 26.7 mg kg −1 . Arginine was also determined and increased from 416.56 to 703.00 mg kg −1 continuously in the Chinese liquor fermentation (Fig. 2B) . Urea was 159.2 mg kg −1 in Daqu and 18.2 mg kg −1 in steamed grains. Daqu and steamed grains were mixed (1:9, w/w) for fermentation (Fig. 1) . Therefore, Daqu contributed 15.9 mg kg Therefore, the urea increase in the samples was mainly from fermentation. Figure 3A shows the yeast populations during liquor fermentation. The total yeast population increased continuously during the first 15 days, reached a peak (2.24 × 10 6 copies g −1 ) and then decreased to 5.25 × 10 5 copies g −1 at 24 days. Urea was positively correlated with the yeast population (R = 0.523, P = 0.045). Table 2 shows the diversity index for high-throughput sequencing. Good's coverage in fermentation samples was more than 99.0%, indicating adequate sequencing depth. Analysis of the yeast community structure identified 26 species during liquor fermentation (Fig. 3B) . Saccharomyces cerevisiae increased to 67.35% at day 5 and decreased to 2.51% at the end. NonSaccharomyces yeast species also accounted for large proportions of the total. For examples, Pichia kudriavzevii increased gradually from 0.02% to 55.76% in liquor fermentation. Saccharomycopsis fibuligera decreased from 73.28% to 7.59% at day 5, increased to 14.20% at day 15, and finally decreased to 7.93% at the end of the fermentation. Moreover, W. anomalus decreased from 15.45% to 3.37% during the first 5 days, then increased to 12.75% at day 15 and decreased to 2.47% at the end of the fermentation. Table 3 shows the detailed proportion of each yeast species.
The population and composition of yeasts
Covariation analysis of yeasts and urea
Partial least squares regression was used to establish a covariation model between yeasts and urea. The reads of each yeast species obtained from high-throughput sequencing and urea concentration were used for covariance analysis (Wang et al. 2016) . The covariance analysis was performed over the range of the Chinese liquor fermentation process.
The Q 2 value of the covariation model between yeasts and urea was more than 20%, indicating a good prediction. Ten yeasts had a variable importance plot value more than 1.0, showing their positive correlations with urea (Table 3) . Among these 10 yeasts, W. anomalus showed the largest variable importance plot value (1.927), and the largest correlation coefficient with the lowest P-value (R = 0.719, P = 0.002) ( Table 3 ), indicating that it was the most important species correlated with urea production.
The potential urea formation activity in W. anomalus
Amplification of a partial CAR1 sequence by degenerate primers (CAR1-F4 and CAR1-R4) indicated that W. anomalus JZ420 had the potential to produce urea. A CAR1 partial sequence in W. anomalus JZ420 showed the highest identity to CAR1 in W. ciferrii NRRL Y-1031 F-60-10 (89%), 75% identity to CAR1 in C. fabianii YJS4271 and 67% identity to CAR1 in S. cerevisiae by NCBI blast.
Mono-and co-culture of S. cerevisiae and W. anomalus
Mono-and co-culture experiments were used to reveal the interactions between Saccharomyces and W. anomalus in urea formation. Figure 4A shows the urea production in mono-and co-culture fermentation. Wickerhamomyces anomalus produced 910.0 μg L −1 urea in a mono-culture, more than that in a monoculture of S. cerevisiae (300.1 μg L −1 ) at 6 h (the peak urea production time point). This indicated that urea productivity of W. anomalus was stronger than that of S. cerevisiae. In addition, the two yeasts produced 1261.2 μg L −1 urea when they were co-cultured, close to the sum of urea produced in their monoculture (1210.1 μg L −1 , F = 0.07, P = 0.81). Moreover, more arginine was consumed in co-culture than mono-culture at 6 h (Fig. 4B) .
Compared with mono-culture, in co-culture the CAR1 gene transcription level of W. anomalus increased by 140%, whereas that of S. cerevisiae decreased to 60% (Fig. 4C) . This confirms that a yeast other than S. cerevisiae, namely W. anomalus, contributes more to urea production in a multi-species fermentation system. The arginase activity of W. anomalus (14.53 U L −1 ) was higher than S. cerevisiae (11.78 U L −1 ) in mono-culture at 6 h ( Fig. 4D) . Besides, the arginase activities increased in co-culture both in W. anomalus and S. cerevisiae compared with that in mono-culture. The arginase activity of W. anomalus reached 19.72 U L −1 in coculture, more than that of S. cerevisiae (12.53 U L −1 ). These results were consistent with the CAR1 gene transcription level, which accounts for the arginase of W. anomalus indeed contributing significantly to urea production compared with that of S. cerevisiae in simulated sorghum fermentation.
DISCUSSION
Ethyl carbamate is widely found in fermented foods but should be reduced or eliminated due to its carcinogenicity. Urea is an essential intermediate in production of ethyl carbamate in food fermentations where multiple species of microorganisms are involved. From our study with Chinese liquor as a model system where many yeasts co-exist in the fermentation, we identified those yeasts that contribute to urea formation.
In addition, we found that W. anomalus was significantly correlated with urea production, either in a mono-culture or in a co-culture with S. cerevisiae. Wickerhamomyces anomalus strengthened CAR1 transcription and arginase activity and enhanced urea productivity, whereas S. cerevisiae decreased CAR1 transcription in the co-culture. This indicated that W. anomalus played an important role in urea production in the sorghum fermentation system.
Although S. cerevisiae, P. kudriavzevii and S. fibuligera accounted for larger average proportions than W. anomalus, they were not the main urea producers in liquor fermentation. This suggests that whether a yeast is the main urea producer or not largely depends on urea productivity rather than the yeast proportion.
Since the amount of arginine increases with the increase of protease hydrolysis in liquor fermentation (Chen, Wu and Xu 2014) . It is difficult to simulate the fermentation process completely on a lab scale. We tried to ensure the important nitrogen level was similar in our simulated system using sorghum broth as in previous reports (Wu, Xu and Chen 2012; Kong et al. 2014; Wu, Ling and Xu 2014) . The nitrogen in the sorghum broth was mainly protein and peptide, and the total free amino acid was about 1 g L −1 .
Wickerhamomyces anomalus is also present in many other food fermentation processes, such as beer (Laitila et al. 2011) and Chinese rice wine (Lv et al. 2015) . In food fermentations, W. anomalus is an essential producer of flavors (Kong et al. 2014; Wu et al. 2015) . Co-existence of W. anomalus and S. cerevisiae could prompt higher production of acetate esters, aldehydes and ketones, as reported (Canas et al. 2014; Ye, Yue and Yuan 2014) , indicating that co-culture could prompt arginine metabolism. Therefore, W. anomalus cannot simply be removed due to its importance in flavor generation.
To reduce urea productivity while keeping the flavor production of W. anomalus, strategies such as metabolic engineering might modify W. anomalus to give less or no urea production, for example by disruption of the CAR1 gene or control of its transcription level.
In conclusion, in spontaneous food fermentations with multiple species of microorganisms, yeasts other than S. cerevisiae also produce urea, the precursor of carcinogenic ethyl carbamate. Wickerhamomyces anomalus is an important urea producer. To reduce or eliminate urea production by yeasts like W. anomalus, metabolic engineering may be an option for altering the urea production pathways so as to knock out or disrupt the CAR1 gene in urea producing yeasts.
